Quantum-cascade lasers (QCLs) are promising light sources that cover a wide range of mid-infrared (MIR) and terahertz (THz) frequencies.
1,2 THz QCLs have been used for a variety of applications such as imaging, 3, 4 absorption spectroscopy, 5, 6 and local oscillators in heterodyne receivers. 7, 8 The vast majority of THz QCLs 2,9 is based on GaAs/(Al,Ga)As semiconductor heterostructures, while MIR QCLs are usually based on (In,Ga)As/(In,Al)As heterostructures. [10] [11] [12] Recently, we have realized THz QCLs based on GaAs/AlAs heterostructures exhibiting higher wall plug efficiencies and lower threshold current densities in comparison to GaAs/Al 0.25 Ga 0.75 As THz QCLs with similar emission frequencies. 13 The superior operating properties of GaAs/ AlAs THz QCLs may in part be attributed to a suppression of detrimental effects resulting from composition fluctuations in ternary barriers. However, in order to maintain a sufficiently strong resonant tunneling necessary for achieving population inversion, the thicknesses of the energetically higher AlAs barriers are significantly thinner than those of the typically employed, corresponding Al 0.25 Ga 0.75 As barriers and are on the order of several monolayers (MLs). Since the well known interface grading due to intermixing leads to interface widths on the same order, the actual composition of the AlAs barriers may not reach a purely binary quality. For example, we estimated the height of the injection barriers in GaAs/AlAs THz QCLs to be less than 80% of the maximum value due to the interface grading. 13 Therefore, a comprehensive understanding of the composition profile of the (nominally) binary AlAs barriers is of great importance. Furthermore, QCLs are semiconductor superlattices with a rather complex unit cell and are typically composed of the order of one thousand layers. Therefore, the profile at the heterointerface is expected to play an important role in the optical and transport properties of the QCLs.
We have shown that the interface grading can be taken into account for the simulation of semiconductor heterostructures and the design of QCLs in a straightforward way using a Fourier-transform-based model. 14 This model allows for both, an efficient simulation of the impact of the interface profiles on the lasing properties of QCLs and a direct comparison of the potential profile of the entire heterostructure with experimentally determined composition profiles. Furthermore, this approach may be very useful for the exploration of the minimal nominal barrier thickness and the interface grading in relation to the growth conditions, which can lead to purely binary barriers in actual GaAs/AlAs heterostructures. In particular for complex heterostructures such as THz QCLs, the experimental determination of the actual interface parameter, which is related to the element distribution profile across the interface, is necessary.
In general, the interfaces of heterostructures and superlattices can be investigated by transmission electron microscopy (TEM). Luna et al. [15] [16] [17] have developed a method to reliably quantify the chemical interfaces in III-V semiconductor quantum wells and superlattices based on chemically sensitive g 002 dark-field (DF) TEM imaging. The detailed analysis of the experimental element distribution profiles reveals that the interface is well described by sigmoidal functions. [15] [16] [17] [18] The sigmoidal dependence defines the intrinsic interface broadening at heterointerfaces and arises from fundamental growth processes. In particular, it results from strong cooperative interactions during growth. 19 However, the application of this procedure to the investigation of the interface properties in THz QCL structures is challenging because the thinnest barriers are only a few MLs thick, which is on the same order as the interface parameter. 19 While there is a vast literature on the optical and transport properties of QCLs, both for the MIR and THz range, there is only a very small number of experimental investigations related to the interface profiles in these structures. Pantzas et al. 20 examined the Al content (percent composition) profile in (In,Ga)As/(In,Al)As MIR QCLs using highangle annular dark-field TEM images. They indicated that the knowledge of the evolution of the Al content is useful for laser optimization. Walther and Krysa 21 reported on the analysis of GaAs/(Al,Ga)As MIR QCL structures using a a)
Author to whom correspondence should be addressed: lue@pdi-berlin.de combination of different TEM techniques. They found that the Al content of the Al x Ga 1Àx As barriers (x ¼ 0.3-0.4) was lower than expected. However, a quantification of the interface parameter in these complex systems and a comparison of the experimentally determined profile with theoretically predicted composition profiles, especially for GaAs-based THz QCLs, are still lacking. The simultaneous combination of experimental data on the composition profile with quantitative theoretical predictions based on simulations of the potential profiles including the actual interfaces and barrier heights is thus expected to improve the optimization strategies for THz QCL designs.
In this letter, we determine and quantify the composition profiles of GaAs/(Al,Ga)As and GaAs/AlAs THz QCL structures using chemically sensitive g 002 DFTEM. Furthermore, we simulate the composition profiles on the basis of a Fourier-transform-based model using the previously determined interface parameters in GaAs/(Al,Ga)As heterointerfaces extracted from TEM. The excellent agreement between the measured composition profiles and the ones simulated using the Fourier-transform-based model prompts the direct incorporation of the actual interface parameters in refined simulations of THz QCL structures.
We have investigated two QCL structures based on a hybrid design with a bound-to-continuum transition. 13, 22 QCL structure A with Al 0.25 Ga 0.75 As barriers is described in Ref. 23 and corresponds to the QCL B1 in Ref. 22 . QCL structure B with AlAs barriers is described in Ref. 24 having similar structural parameters as the low-doping QCL in Ref. 13 . The samples were grown by molecular beam epitaxy on semi-insulating GaAs wafers with similar growth conditions as those described in Ref. 13 . Both structures consist of 88 periods with a total thickness of about 11.0 lm (QCL structure A) and 10.8 lm (QCL structure B). THz QCLs have been realized from both structures, exhibiting maximum optical output powers between about 8 and 18 mW at 10 K under pulsed operation for laser ridge dimensions of 0.2 Â 3.0 mm 2 . Cross-sectional TEM foils were prepared in the [110] and ½ 110 projections using mechanical thinning followed by Ar-ion milling. To minimize the sputtering damage, the Ar-ion beam energy was reduced to 2 keV for the final milling step. TEM investigations were carried out using a JEOL JEM 3010 microscope operating at 300 kV equipped with a GATAN slow-scan CCD camera.
The investigation of the composition profiles is based on the analysis of DFTEM micrographs obtained with the diffraction vector g ¼ 002, since g 002 DFTEM imaging is highly sensitive to variations in the chemistry of the alloy in semiconductors with a zincblende (ZB) structure. 25 The reason is that in III-V alloys with a ZB structure the diffracted intensity of the 002 reflection I 002 under kinematic approximation is proportional to the square of the structure factor, which in turn depends on the difference in the atomic-scattering factors of the alloy components. 18, 26 Therefore, in this "structure-factor imaging mode," the contrast mainly arises from differences in the atomic-scattering factors between the group-III and -V elements. For proper 002 imaging conditions, i.e., the specimen was tilted 8 -10 from the h110i zone axis towards the [100] pole, while keeping the interface edge-on, 18 for a specimen region of interest with a thickness between 50 and 80 nm, the contrast directly reflects the chemical composition of the alloy. Therefore, the contrast can be employed to estimate the element distribution following the procedure proposed in Ref. 26 assuming the validity of Vegard's law and using the composition of the GaAs layers as a reference. The scattered intensity I 002 is normalized to the one of a GaAs layer of the same thickness, i.e., R 002 ¼ I 002 =I 002 (GaAs), so that the necessity of measuring absolute intensities can be avoided. In the analysis, we use the Doyle and Turner atomic scattering factors f Al , f Ga , and f As . 27 Note that g 002 DFTEM allows access to relatively large areas (hundreds of nm) within one single TEM specimen, thus allowing statistical TEM investigations and a reliable overview of the main features. 15, 18 The information obtained using g 002 DFTEM is complementary to the one provided by other techniques such as x-ray diffraction, since TEM is a very local technique, while x-ray diffraction measurements are usually performed on a macroscopic length scale averaging over many periods of the cascade structure and also over much larger length scales in the quantum well planes. Fig. 1(a) . In general, the experimental results are obtained from the analysis of 50-80 micrographs per sample where we have locally measured the composition and layer thicknesses at about 100 different positions. The corresponding data are rather similar to the curve shown in Fig. 1(b) , which indicates a rather good lateral homogeneity in the structure. The intensities of the thinner Al 0.25 Ga 0.75 As barriers are obviously reduced due to the interface grading. The peak with the lowest intensity at the position around 69 nm corresponds to the thinnest barrier with a thickness of 0.8 nm in QCL structure A.
In order to determine the Al content profile from the g 002 diffracted intensity, we follow the procedure described Figure 2 shows the experimental Al content profile across a single period of QCL structure A (circles). The inset in Fig. 2 shows R 002 as a function of the Al content. As observed, the Al content of the barriers with thicknesses less than 2 nm is obviously smaller than the nominal Al content (25%).
For an analysis of the composition profile, we simulate it using the Fourier-transform-based model. 14, 28, 29 For GaAs/ (Al,Ga)As, the sigmoidal function, which describes the interface composition profiles as shown by Luna et al., [15] [16] [17] 19 can be very well approximated by an error function, 14 which is beneficial for the incorporation of interface grading into the Fourier-transform-based model. The Fourier components of the nominally piecewise constant potential [V(z)] are just multiplied by a factor U jm , i.e., 14, 28 
and the Fourier components of the potential including graded interfaces (Ṽ mj ) are given bỹ 
WhileṼ mj is applied for the simulations of the transport properties, V grad ðzÞ is used for the presentation of the (realspace) composition profiles so that the model is expected to be a suitable tool for investigating the influence of graded interfaces on the operating properties of THz QCLs. For the actual shape of the interface grading, a linear dependence of the potential V grad ðzÞ on the Al composition is a very good approximation. 14 In this case, we obtain the simulated composition profile from the conduction band profile including interface grading, which we can directly compare with the experimentally determined composition profiles.
We simulated the composition profile for QCL structure A on the basis of the Fourier-transform-based model applying an interface parameter L i of 1.6 MLs, which was derived for a single GaAs/Al 0.3 Ga 0.7 As heterointerface in Ref. 14 and is a representative value of the intrinsic interface parameter in GaAs/(Al,Ga)As heterostructures. 19 The only adjustable parameter is the length of a single period d exp p of the structure. We rescaled the nominal thickness of a single period d p to the value determined by DFTEM. By using d exp p ¼ 1:035d p , we found that the simulated composition profile is in good agreement with the experimental composition profile as shown by the solid line in Fig. 2 . The dotted line in Fig. 2 indicates the rectangularly shaped nominal Al composition profile, demonstrating that the Al content is strongly reduced in the thinnest barriers. This reduction is found to be identical to the potential reduction of the corresponding barriers in the conduction band profile shown in Ref. 14. The simulated results indicate that our Fourier-transform-model provides a good description of the interfaces in actual QCL structures and demonstrate that the previously determined interface parameter L i ¼ 1.6 MLs can also be used for THz QCL structures.
In order to demonstrate the wider applicability of our model, we also investigate the rather challenging QCL structure B with very thin AlAs barriers down to 1 ML. 13 Fig . 3(a) shows a cross-sectional g 002 DFTEM image of QCL structure B, while Fig. 3(b) displays the intensity linescan obtained from the area marked in Fig. 3(a) . The intensities of the thinnest AlAs barriers are significantly reduced, which is similar to the case of the QCL structure A. Furthermore, the two peaks corresponding to the thinnest barriers (about 1 ML) overlap. Figure 4 shows the experimental Al content profile across one period (circles). The Al content of all AlAs barriers in QCL structure B is below 55% instead of the nominal 100%. In contrast, for the GaAs/ (Al,Ga)As QCL structure A shown in Fig. 2, at ¼ 1:096d p , we can very well reproduce the experimental Al composition profiles by the simulations, the result of which is shown in Fig. 4 by the solid lines. In Ref. 13 , the thinnest AlAs barrier contained only 2 MLs. Assuming an interface parameter L i ¼ 1 ML, this barrier was expected to exhibit an Al content of less than 50%. However, in Fig. 4 at a position of about 72 nm, we obtain for a 2 ML AlAs barrier in the present QCL structure B an Al content of only about 30% in the center of the layer using an interface parameter L i ¼ 1.6 MLs. For the barrier with 1 ML thickness, the experimental Al content is only 15.6%. Note that, in the case of very thin AlAs layers (<2 MLs), the actual interface width of 7 MLs, which is obtained from the intrinsic interface parameter with a value of 1.6 MLs for GaAs/(Al,Ga)As heterostructures and corresponds to a change in the Al content from 10% to 90%, 19 is already considerably larger than the layer thickness. Therefore, the realization of barriers of 1 ML thickness with a 100% Al content appears to be impossible. The impact of the interface grading in GaAs/AlAs structures with extremely thin AlAs barriers is even more critical than in the corresponding GaAs/(Al,Ga)As structures and, hence, it should be carefully taken into account in the simulations for the design of this type of THz QCLs. This intrinsic interface parameter is also expected to have a significant impact on the operating parameters of (In,Ga)As/(In,Al)As QCLs as discussed in Ref. 20 and may explain the experimental observations of the lower Al content (i) in thinner (In,Al)As barriers and (ii) for 1 nm barriers grown with an improved procedure.
Finally, the overlap of the two thinnest barriers in the Al content profile can be well reproduced by the simulations. The inset of Fig. 4 shows two 1 ML barriers at the positions around 6.9 and 9.0 nm, which are well resolved in both, the experimental and the simulated profiles. The maxima correspond to the two barriers, while the minimum is related to an (Al,Ga)As-like quantum well formed between the two barriers [cf. narrow dark line between two bright lines near the bottom of the rectangular area in Fig. 3(a) ]. Since the interface parameter is experimentally determined for the complete GaAs-based THz QCL structures, the actual composition profile including a possible overlap of thin adjacent barriers can be used for the design and optimization of QCLs. Furthermore, the experimentally determined interface parameter may be correlated to the growth conditions and may contribute to an improvement of the structural parameters.
In summary, the impact of the interface grading in GaAs/(Al,Ga)As and GaAs/AlAs THz QCL structures was investigated using a combination of Fourier-transform-based simulations of the potential profile and TEM-based determination of the Al composition profile. These profiles were obtained for a single period of the QCL structures from the analysis of experimental g 002 DFTEM images. The experimental barrier composition profiles are well reproduced by our Fourier-transform-based model, which approximates the interface profile by an error function that resembles the sigmoidal dependence of the intrinsic broadening at the heterointerfaces. This combined method opens a practical path to include the interface grading in the design of THz QCL structures as well as to study the dependence of the lasing properties on the growth conditions in so far as they may lead to a variation of the interface properties. 
